Whole cuticle is separated from wool by treatment in formic acid. Digestion of cuticle with pronase is complete after 36% by weight of cuticle is dissolved and the residue is shown by electron microscopy to be exocuticle, with no evidence of adhering endocuticle. The digested protein corresponds to endocuticle and the residue to exocuticle. The endocuticle contains only 3 residues per 100 of !cystine and is generally similar in amino acid analysis to the non-keratinous material from the cortex (Peters and Bradbury 1972).
INTRODUCTION
The cuticle of wool fibres consists of three layers: (I) the epicuticle which is an external resistant membrane of thickness about 30-60 A; (2) the underlying exocuticle which consists of an outer dense layer adjacent to the epicuticle about 0·1 {-tm thick (the a layer) and a thicker, inner region; and (3) the endocuticle, which lies between the exocuticle and the cell membrane complex and consists of cytoplasmic debris from the once living cuticle cell (Bradbury 1973) . By use of different metal-staining techniques in electron microscopy it has been inferred that the sulphur contents of the layers are in the order a layer > the remainder of the exocuticle > endocuticle (Sikorski and Simpson 1958; Rogers 1959; Swift 1968) .
The separation of whole cuticle can be achieved by treatment with ultrasonic waves or simply shaking in formic acid (Bradbury et al. 1966) and the amino acid analysis shows that this morphological component has a very different composition from that of wool itself (Bradbury, Chapman, and King 1965a; Andrews, Inglis, and Williams, 1966; Bradbury et al. 1970; Mazingue, Ponchel, and Lubrez 1971; Parisot and Derminot 1971) . The separation of epicuticle is possible by shaking in water fibres in which Allworden sacs have been developed by treatment with chlorine water (Allworden 1916) , and an amino acid analysis shows that the membrane is protein with a composition not very different from that of cuticle (Bradbury, Chapman, and King 1968; Lofts and Truter 1969) .
The possibility of the clean separation of the two major components of the cuticle, exocuticle, and endocuticle, arises from the work of Birbeck and Mercer (1957) , which showed that the endocuticle was dissolved by treatment of fibres with enzymes, in contradiction of earlier work which purported to show that it was the exocuticle which dissolved Rees 1946a, 1946b; Gorter and Houwink 1948) . In this paper we report the separation of exocuticle and endocuticle, by means of pronase digestion of whole cuticle, and the amino acid analyses of these two components of the cuticle.
II. EXPERIMENTAL (a) Preparation of Outicle
Merino 64's root wool was cleaned by extraction with light petroleum and washing with warm water as described by Bradbury et al. (1966) . The fibres were cut into short lengths (about 0·25 cm) with scissors and skin flakes were removed by agitation in formic acid (Merck, laboratory reagent) in a Vibromix agitator (Bradbury et al. 1966) . A 12-g sample of chopped fibres free of skin flakes was suspended in formic acid and homogenized for 20 s in a Polytron homogenizer (Kinematica, G.M.B.H., Luzern, model PT20) operating at minimum speed. The fine, cellular particles were separated by passing through a coarse wire sieve. The retained fibrous mass was returned to the Polytron homogenizer and given another treatment in a fresh sample of formic acid. Twenty such short treatments were made on the wool sample.
The fine particles were separated from formic acid by centrifugation and washing with water and then ethanol. The suspension of particles in ethanol was then passed through a 50-p.m Nytrel filter cloth which removed partially disrupted fibres and cortical cells. In order to remove partially disrupted cortical cells the material suspended in ethanol was passed six times through an 18-p.m metal sieve . The fine material which passed through this sieving operation was shown by examination in the light microscope to consist mainly of large fragments of cuticle cells, although some very fine needle-like particles from the disruption of cortical cells Bradbury and Peters 1972a) and some very finely chopped cuticle fragments were also observed. These very small particles were removed by centrifuging the suspension in ethanol for 3 min in a small centrifuge and discarding the supernatant. This process was repeated 10 times, after which the sample of cuticle fragments was shown by light microscopy to have only a very small amount of contamination of cortical material « 2% by weight). The ethanol was removed by centrifugation and the residue washed several times with water and dried in vacuo at room temperature. The amount of cuticle obtained was 0·2 g, a yield of 1'7% (theoretical yield = 10%, Bradbury and King 1967) .
(b) Enzymatic Digestion of Outicle
The conditions of digestion by pronase (obtained from K. and K. laboratories) were adapted from those used by Springell (1963) on whole wool. An accurately weighed sample of cuticle (about 22 mg) was suspended in 3·6 ml of 1 % (w/w) ammonium acetate buffer at pH 8·0 containing 10% (v/v) ethanol, and O· 4 ml of aqueous pronase solution (containing either 1 or 0·2 mg of pronase) was added. This gave cuticle to pronase ratios of 20 : 1 and 100 : 1 respectively. In one case (see Fig. 1 ) an additional amount of pronase was added during the digestion. The digestion was carried out in a small, tightly capped bottle at 37°C with occasional vigorous agitation, particular care being taken at the beginning to ensure that the cuticle was properly wet out.
The amount of material digested after the required time was determined gravimetrically by filtering the solution through a pre-weighed sintered-glass crucible with a layer of Gooch asbestos filter aid on the sinter. The crucibles were heated and dried in vacuo and weighed to constant weight. In those cases in which sample was required for analytical purposes and electron microscopy the mixture after digestion was centrifuged, the sediment washed thoroughly with water which was added to the supernatant solution, and the sediment dried. The supernatant solution and washings were evaporated by a rotary evaporator and then water added before dryness and the process repeated six times over. This was found necessary in a trial experiment in order to remove all the volatile ammonium acetate buffer. The aqueous solution was finally lyophilized, but even this treatment produced only a damp, viscous gum.
(c) Stability of Performic Acid
Performic acid was prepared by mixing 9 volumes of formic acid with 1 volume of 30% (w/v) hydrogen peroxide (laboratory grade) and allowing the solution to stand at room temperature for 2 hr before use (Toennies and Homiller 1942) . The performic acid solution was then brought to 37°C by immersion in a thermostat bath and 1-ml aliquots of performic acid removed at appropriate time intervals and added to 20 ml of O· 5M KI solution. The iodine liberated was titrated with standard O· 01M thiosulphate solution to the starch indicator end-point.
(d) Oxidation of Cuticle with Per formic Acid
Accurately weighed samples of cuticle (about 22 mg) were treated with 5·0 ml of performic acid at 37°C with occasional shaking. The amount of residual solid material was determined by filtration through a sintered-glass crucible as described above. Material for analytical purposes was obtained by centrifugation and the residue was washed several times with water and dried. The supernatant solutions were combined and lyophilized.
(e) Electron Microscopy
Electron micrographs of stained sections were obtained with an Hitachi model HU-llC-S electron microscope using the techniques of Bradbury and Chapman (1964) , except that sections were cut with an L.K.B. Ultrotome I and post-stained with lead citrate (Reynolds 1963).
(f) Amino Acid Analysis
Amino acid analyses were carried out by the procedures of Bradbury, Chapman, and King (1965a) , slightly modified because of the introduction of a second column on the Technicon amino acid analyser. Recorded values are the mean of duplicate analyses unless stated otherwise.
III. RESULTS
The dissolution of cuticle by pronase is shown in Figure I and by performic acid in Figure 2 , along with results for the spontaneous decomposition ofthe performic Time in days acid at 37°C. Cuticle was also treated with O· 2M thioglycollate in 8M urea at pH II at 25°C for various periods up to 4 hr (Gillespie 1964) but there was no appreciable Figure 3 . The endocuticle is removed by the pronase treatment as in Figure 3 ; compare with electron micrographs of whole cuticle .
increase above the 17·2% extracted after 0·5 hr, with longer periods of extraction. This was much less than the 42% extraction obtained by Bradbury and O'Shea (1972) on cuticle from kangaroo fibres, and because of the small amount of dissolution no further work was done using this method. Electron micrographs were obtained by Dr. D. E. Peters on samples of cuticle treated with pronase for 1 week at 37°C with a cuticle : pronase ratio of 20 : 1 and for 4 weeks at 37°C with a ratio of 100 : 1. All the sections examined showed the complete removal of endocuticle and two examples are shown in Figures 3 and 4 . Comparisons of these micrographs with those of Bradbury and Chapman (1964) obtained on whole cuticle shows that the endocuticle is absent from the pronasetreated cuticle. Details of the preparation of the various samples used for amino acid analyses are given in Table 1 . In Table 2 the analyses of the pronase digests of four samples of cuticle are given, the contribution from the small amounts of pronase present in the digests being included in the analyses. These contributions were allowed for by using the amino acid analysis of pronase in Table 2 , determined by a separate experiment, and the information on cuticle to pronase ratio and yield of digest given in Table 1 . The corrections made in this way were largest for samples A and Band were always less than 10% of the total value for any amino acid. The amino acid analyses of the four preparations of endocuticle and the mean value are given in Table 2 . The recovery of anhydroamino acids from the endocuticle samples was unfortunately very low (Table 1) owing to the hygroscopic nature of the material, and this problem was not overcome even by lyophilization. The other samples in Table 1 than the yields from the whole cuticle samples of 93% (see Table 4 ). In Table 3 the analyses for exocuticle are given. In Table 4 are recorded the following: a summary of the various analyses of whole cuticle from fine wool, including the mean of two analyses from separate cuticle samples prepared in this work; analyses of the three cuticle components: epicuticle, exocuticle, and endocuticle; and analyses for the digest and residue obtained from the performic acid treatment. 
IV. DISCUSSION (a) Whole Outicle
The agreement is good between the amino acid analyses in Table 4 of cuticle from six different samples of fine wool-four samples of Merino 64's and two samples whose source is not stated (Parisot and Derminot 1971; Mazingue, Ponchel, and Lubrez 1971) . The only results which deviate markedly from the others are a low value for histidine obtained by Mazingue, Ponchel, and Lubrez (1971) , and a high value for methionine and a low value for tyrosine by Parisot and Derminot (1971) . The analyses have been made on cuticle prepared by ultrasonic disintegration in formic acid (Bradbury, Chapman, and King 1965a;  Mazingue, Ponchel, and Lubrez 1971) , ultrasonic disintegration in dichloroacetic acid and dimethyl sulphoxide (Bradbury, Chapman, and King 1965a) , shaking in formic acid (Bradbury, Chapman, and King 1965b) , a short Polytron treatment in formic acid (this work), and by treatment with 6M HCI at 60°C and use of extrapolation techniques (Parisot and Derminot 1971) . The constancy of the amino acid analyses, of cuticle, in spite of the diversity of the fine wool samples and the preparation procedures used, is notable. It shows that with the possible exception of the HCI treatment the preparative procedures have not affected the amino acid analysis, as has been concluded previously King 1965a, 1965b; Mazingue, Ponchel, and Lubrez 1971) . Other studies have shown that there is no evidence of main-chain fission of high-sulphur and low-sulphur proteins from wool on vigorous agitation in formic acid for 4 hr (Bradbury and O'Shea 1972) , whereas ultrasonic disintegration in formic acid does cause some main-chain fission in soluble keratin proteins (O'Shea 1970) . Another point of interest is that the amino acid analyses are similar to those of cuticle samples from other keratin fibres (Bradbury et al. 1970) .
(b) Digestion of Cuticle with Pronase and Per formic Acid
In preliminary studies using the enzymes trypsin, papain, and pepsin, Leeder (1969) had obtained digestions of 20-26% of cuticle by treatments of 1-10 days duration. However, from the time course of the digestion of whole cuticle with the much less specific enzyme pronase (Fig. 1) , it is seen that there is a maximum digestion of about 36% by weight of cuticle after about 7 days, which is not exceeded either by much longer times of treatment (49 days) or by adding a second lot of pronase after 8 days and allowing the digestion to proceed for 21 days. Use of only one-fifth of the concentration of pronase naturally causes much slower digestion, as shown in Figure 1 , but after 28 days 31 % has been dissolved and the plateau in the curve has nearly been reached. Clearly, the pronase treatment at pH 8 dissolves 36% of the cuticle, after which the digestion is complete. The electron micrographs in Figures 3 and 4 , particularly when compared with Plate 2 of the paper of Bradbury and Chapman (1964) , show that the endocuticle has been removed cleanly by the pronase digestion. Thus the pronase digest corresponds to endocuticle and the cuticle residue to exocuticle.
The graph for the dissolution of cuticle with performic acid in Figure 2 also approaches a plateau, but this is shown to be due to the decomposition ofthe performic acid itself at 37°C, as also shown in the figure. It appears that performic acid will dissolve nearly all the cuticle and a performic acid treatment followed by reaction with 1M ammonia (Bradbury, Leeder, and Watt 1971) when applied to cuticle leaves a residue of only 2'5% . However, Birbeck and Mercer (1957) had shown that peracetic acid and ammonia dissolved the exocuticle (except for the a layer) hence it was of interest to see whether the related performic acid dissolved preferentially the exocuticle. This was checked by amino acid analyses on the residue (37%) and digest (63%) after treatment of cuticle for 1 day in performic acid. The results given in Table 4 show that the performic acid digest has an analysis which is similar to that of exocuticle but that the performic acid residue has an analysis which differs from that of endocuticle in several amino acids and particularly in cysteic acid+!cystine. The performic acid treatment therefore appears to dissolve the exocuticle faster than the endocuticle, but there is no clean distinction between the processes which would allow the separation of the two components, as is the case with the pronase treatment.
(c) Endocuticle and Exocuticle
The pronase digest of cuticle which consists of endocuticle and pronase has been analysed and the analyses corrected for the small amount of enzyme present. The detailed results are given in Table 2 together with the mean analysis of the four duplicate analyses. The analysis is similar to, but shows some differences from, that of brypsin digests from wool and cortical cells , as would be expected, because the non-keratinous material of cuticle (endocuticle) and of cortex (nuclear remnants and intermacrofibrillar material) originates from the cytoplasmic debris of the once living cuticle and cortical cells (Birbeck and Mercer 1957; Rogers 1959) . Compared with whole cuticle (Table 4 ) the endocuticle contains less cysteic acid+!cystine and proline and more aspartic acid, histidine, leucine, lysine, methionine, phenylalanine, threonine, and tyrosine. The exocuticle analyses, given in detail in Table 3 and compared with the other analyses in Table 4 , mirror these effects in the sense that the exocuticle is rich in cysteic acid+!cystine and proline and poor in the eight amino acids listed above. There are four amino acids in which the analysis of whole cuticle does not fall as expected between that of exocuticle and endocuticle, viz. alanine, arginine, isoleucine, and serine. Of these, the last two appear to be outside experimental error and we cannot find an explanation for this result.
With the 10 amino acids indicated above in which the content in whole cuticle falls between that in exocuticle and endocuticle it is possible to calculate the fraction (x) of exocuticle in cuticle by the simple equation:
where AA is any particular amino acid or cysteic acid+!cystine. The values thus obtained for x for the various amino acids are as follows: aspartic acid O· 74, cysteic acid+!cystine 0·74, histidine 0·47, leucine 0·67, lysine 0·68, methionine 0·72, phenylalanine 0·80, proline 0·46, threonine 0·67, and tyrosine 0·46; the mean value is 0·64. The large range of the values from 0·46 to 0·80 shows the inaccuracies of the method, which result from the errors of the amino acid analyses, yet the large number of amino acids for which the calculation has been possible have made it worthwhile. The average value of 0·64 agrees exactly with the much more accurate gravimetric estimate of 0·64, the amount remaining after pronase digestion of cuticle (Table 1 ). This indicates that there is no appreciable amount of non-protein material present in either exocuticle or (more likely) endocuticle. However, this does not preclude the presence of a small amount of non-protein material, e.g. lipid, in the endocuticle of virgin wool, since it is likely that such material if present, would have been extracted by the formic acid procedure used in the preparation of whole cuticle (Bradbury, Leeder, and Watt 1971) .
(d) Summary of Cuticle Analyses
The two features of the analyses which are of most interest are summarized in Table 5 . It is noted that the exocuticle is particularly rich in cystine with, on the average, one cross-link per five amino acid residues in the polypeptide chain, which is twice the amount present in wool fibres. On the other hand, endocuticle contains only three-cross-links per 100 residues. The great difference in crose-link density between exocuticle and endocuticle accounts for the relative ease of pronase attack of endocuticle on the -one hand and the extreme resistance of exocuticle towards pronase on the other. The observed differences also agree with the qualitative predictions from electron microscopy of stained sections that the exocuticle contains more sulphur than the endocuticle (Sikorski and Simpson 1958; Rogers 1959; Swift 1968) . It is therefore almost certain that the dense outer a layer of the exocuticle contains even more cystine than the total exocuticle, i.e. more than one cross-link per five residues. Such a heavily cross-linked structure is less readily extensible than the cortex as shown by the splitting away of cuticle cells from fibres which are stretched more than 50% (Lehmann 1941). It also accounts for the lower degree of swelling of the cuticle as compared with the cortex, since longitudinal cracks appear in the cuticle of wool fibres which are swollen by > 30% in diameter (Bradbury and Chapman 1963 ). • Chapman and Bradbury (1968) .
t Because of lack of knowledge of the amount of amide groups no allowance has been made for the glutamine and asparagine present, which would reduce these values somewhat.
The second point of interest is that as has been noted previously by Bradbury, Chapman, and King (1965a) , the cuticle contains far fewer polar groups than the whole fibre. This effect is even more pronounced with exocuticle, although the endocuticle has almost the same polar content as wool.
Lindberg (1953) postulated that the barrier to the diffusion of dyes and acids into the fibre (Millson and Turl 1950; Medley and Andrews 1959 ) is electrical in nature. The exocuticle, with its low degree of polarity and high degree of crosslinking, which should make difficult the passage of large dye molecules, would seem at first sight to be the likely source of this barrier. The,epicuticle membrane, which has also been considered as a possible barrier on account of its extreme chemical inertness and for other reasons (Bradbury 1960) , is seen from Table 5 to be about as polar and not much more heavily cross-linked with cystine than wool itself; it is therefore not a likely source of the barrier. However, the cell membrane complex, which forms a network structure throughout the fibre (Appleyard and Dymoke 1954), and probably contains ordered bilayers of lipids which have polar and non-polar regions, has recently been found to be important in controlling the rate of sorption' of n-propanol into wool (Bradbury, Leeder, and Watt 1971) .
It is now possible to remove epicuticle and cuticle (Bradbury and Peters 1972b) cleanly from wool, using methods in which a control can be obtained which has been subjected to the same chemical treatment, but has not had the component removed. It would therefore be interesting to investigate. the dyeing properties of these various modified wools in order to establish the true nature of the barrier to diffusion of dyes into the fibre.
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